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(54) Cleaning process for hydrophobic silicon wafers 

(57) A process for cleaning particles fronn a hydro- 
phobic surface of a silicon wafer by chemically oxidizing 
the hydrophobic surface of the wafer to grow an oxide 
layer on the surface without nonunitormly etching the 
surface. The oxide layer renders the surface hydrophilic. 
The hydrophilic surface is then cleaned with a caustic 
etching solution to remove particles from the surface. 
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Description 

Background of the Invention 

The present invention generally relates to wafer 
cleaning methods. More particularly, the invention re- 
lates to a method for treating silicon wafers prior to 
cleaning them to minimize surface defects formed dur- 
ing the cleaning process. 

The preparation of single crystal silicon wafers typ- 
ically involves the steps of growing a single crystal ingot, 
slicing the ingot into wafers, lapping, etching and polish- 
ing the wafers. Depending upon the required specifica- 
tions of the electronic device fabricator the silicon wa- 
fers may additionally be subjected to a thermal process- 
ing step such as epitaxial deposition to form epitaxial 
silicon wafers. 

Epitaxial wafers are formed by the growth of an epi- 
taxial silicon layer on the surface of a silicon wafer Sil- 
icon is typically deposited from silicon tetrachloride, 
trichlorositane, dichlorosilane or monosilane on the wa- 
fer surface at a temperature in excess of 950°C via va- 
por deposition. The epitaxial layer is often grown to pro- 
vide a high resistivity layer having a resistivity of 0.4 to 
50 Ohm-cm on a low resistivity substrate as desired in 
device fabrication. Processes for preparing epitaxial sil- 
icon wafers are well known and include the process de- 
scribed in U.S. Patent No. 3,945,864. 

Epitaxial wafers as well as etched or polished wa- 
fers generally have a hydrophobic surface which is 
prone to attract particles and other contaminants. Con- 
taminants from wafer processing are typically removed 
from the wafers by scrubbing the wafers with a brush or 
a high pressure fluid jet. These techniques, however 
may induce mechanical damage such as when brush 
patterns are created on the wafer surface. Scrubbing 
may also contaminate the surface with metals. 

Epitaxial wafers and other wafers having hydropho- 
bic surfaces have also been cleaned by immersing the 
wafers in an SC-1 etchant solution. The ammonium hy- 
droxide component of the etchant solution, however 
tends to excessively etch the wafer surface causing 
roughening and pitting. There is a need for a process 
wherein wafers having a hydrophobic surface, such as 
epitaxial wafers, are thoroughly cleaned while minimiz- 
ing the amount of defects formed on the wafer by the 
etching process. 

Summary of the Invention 

It is a primary object of the present invention to pro- 
vide a process for cleaning silicon wafers having a hy- 
drophobic surface, such as epitaxial wafers, wherein de- 
vice yield losses are minimized by protecting the wafer 
surface from excessive etching. In this connection, a re- 
lated object of this invention is to provide wafers having 
minimal particle contamination on their surface. 

Other objects and advantages of the invention will 



be apparent from the following detailed description. 

In accordance with the present invention the fore- 
going objectives are realized by providing a process for 
cleaning particles from a hydrophobic surface of a sili- 

5 con wafer The hydrophobic surface of the wafer is 
chemically oxidized to grow an oxide layer on the sur- 
face without nonuniformly etching the surface. The ox- 
ide layer renders the surface hydrophilic. The hy- 
drophilic surface is then cleaned with a caustic etching 

^0 solution to remove particles from the surface. 

The present invention is also directed to a process 
for passivating the hydrophobic epitaxial surface of a sil- 
icon wafer before it is cleaned. The hydrophobic epitax- 
ial surface of the wafer is chemically oxidized to grow 

?5 an oxide layer on the surface without nonuniformly etch- 
ing the surface. The oxide layer renders the surface hy- 
drophilic, and has an average surface roughness of less 
than 0.06 nanometers RMS within a 1 |um by 1 )um area. 
Another embodiment of the invention is an epitaxial 

20 silicon wafer having an epitaxial silicon surface and a 
hydrophilic, wet chemical oxide layer contacting the sur- 
face, wherein the wafer has an average surface rough* 
ness less than 0 06 nanometers RMS within a 1 [im by 
1 |Lim area. 

25 

Brief Description of the Drawings 

FIG. 1 illustrates the amount of light point defects 
of a size greater than 0.12 jam which are detected 

20 on the surface of an epitaxial wafer before (-■-) and 
after (-□-) it is subjected to SC-1 cleaning; 
FIG. 2 illustrates the amount of light point defects 
of a size greater than 0,13 |am which are detected 
on the surface of an epitaxial wafer after it is oxi- 

25 dized and SC-1 cleaned (-■-); and 

FIG. 3 illustrates the amount of light point defects 
of a size greater than 0.3 fim which are detected on 
the surface of an epitaxial wafer before treatment 
(-♦-) and after being oxidized and SC-1 cleaned 

40 (-■-). 

Detailed Description of the Preferred Embodiments 

In accordance with the present invention, it has 
4S been discovered that the epitaxial surface of a silicon 
wafer or any other hydrophobic wafer surface, is rough- 
ened and pitted dunng cleaning with a caustic solution 
unless the composition of the cleaner is carefully con- 
trolled. A treatment has been discovered which protects 
50 a hydrophobic surface of a silicon wafer from being ex- 
cessively etched by forming a protective, hydrophilic ox- 
ide layer on the surface. 

Silicon dioxide is hydrophilic and easily wet by wa- 
ter, whereas a surface of silicon is hydrophobic. For pur- 
55 poses of the present invention, the degree of hy- 
drophilicity or hydrophobicity can be determined by ref- 
erence to the contact angle of a droplet of water placed 
on the surface. As used herein, a surface is considered 
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to be hydrophilic if the contact angle is less than 20 de- 
grees. A surface is considered to be hydrophobic if the 
contact angle of a drop of water placed on the surface 
is greater than 20 degrees. Silicon wafer having a hy- 
drophobic surface, such as an epitaxial, etched or pol- 
ished surface, can be protected using this process. A 
sliced or lapped surface, while being hydrophobic, is not 
intended to be protected by the process of the present 
invention until the surfaces are etched or polished to re- 
move most of its surface roughness. Although various 
hydrophobic wafer surfaces can be protected by the 
process of the present invention, epitaxial silicon surfac- 
es are particularly described herein. 

A wafer is first treated by a wet chemical process in 
which the wafer surface is contacted with an oxidizing 
solution which forms a hydrophilic oxide layer on the sur- 
face. The oxide layer formed on a silicon surface by a 
wet chemical process is sometimes referred to as a na- 
tive oxide layer or a wet chemical oxide layer. The wet 
chemical oxide layer has a thickness of 0.6 to about 2 
nanometers, preferably from about 1 to about 1.5 na- 
nometers. Generally, the contact angle of a water drop- 
let on an oxide layer of preferred thickness is about 3 to 
about 5 degrees. Thicker oxide layers formed by dry ox- 
idation or thermal oxidation processes, such as gate ox- 
ide layers or field oxide layers, are not used in the proc- 
ess of the present invention because the layers are too 
substantial. 

The oxidizing solution used in the wet chemical 
process is typically a composition which does not etch 
the wafer surface, such as hydrogen peroxide or ozo- 
nated water. However, oxidizing solutions which would 
uniformly etch the wafer surface can also be used. Al- 
though some caustic etchants oxidize a wafer surface, 
they are not suitable oxidizing solutions for purposes of 
the invention because they nonuniformly etch the sur- 
face. 

The preferred oxidizing solution of the present in- 
vention is high purity ozonated water, i.e., deionized wa- 
ter containing ozone and having a concentration ot no 
more than about 10 parts per billion (weighVvolume) of 
any metal including, but not limited to, iron, chromium, 
cobalt, copper, aluminum, germanium, silver, tin. man- 
ganese, nickel and titanium. Exposure to the oxidizing 
solution produces a hydrophilic, wet chemical oxide lay- 
er on the surface of the epitaxial silicon layer to passt- 
vate (i.e., protect) the surface of the epitaxial layer from 
excessive etching without adding metals or otherwise 
contaminating the surface, The silicon oxide layer has 
a concentration of no more than 1 x lO^^ atoms/cm^ of 
any metal as listed above. 

Silicon oxide layers of this thickness and purity may 
be produced by immersing the wafers in a bath of 3 to 
18 mega-Ohm deionized water containing about 0.05 
parts per million (ppm) to 50 ppm of ozone, at a temper- 
ature of about 0°C to about SO'^C for a period of about 
2 to about 60 minutes. The wafers can be immersed in 
the ozonated water for a longer period of time although 



little if any additional oxide will form on the surfaces 
when exposed for more than one hour. Immersion in a 
bath of about 1 0 to about 1 8 mega-Ohm deionized water 
containing about 1 0 to about 1 5 ppm ozone at room tem- 
5 perature for about 2 to about 20 minutes is preferred. 

If the epitaxial wafers are not subjected to cleaning 
immediately after formation of the oxide layer, the wa- 
fers are rinsed to remove bubbles and loosely adhered 
particles from the wafer surfaces pnor to being dried. 
10 The treated wafers are rinsed for a period of about 2 to 
about 60 minutes, typically about 5 to about 45 minutes, 
in deionized water having a resistivity of about 3 to about 
18 mega-Ohms, preferably greater than about 17 mega- 
Ohms. The rinse water is recirculated at a rate of about 
is 3 to about 8 gallons per minute (about 11.36 to about 
30.28 liters per minute) to ensure that the surface reac- 
tion is quenched and surface particles are removed. If 
the recirculation rate is too high, the turbulence of the 
water can cause particles to redeposit on the surfaces 
20 of the wafers. 

The treated epitaxial silicon wafers may be cleaned 
by being immersed in any of a number of cleaning so- 
lutions which are well-known to those of ordinary skill. 
They include piranha mixtures (mixtures of sulfuric acid 
25 and hydrogen peroxide) and SC-1 mixtures. An SC-1 
solution removes organic contaminants and particles by 
both the solvating action of ammonium hydroxide and 
the powerful oxidizing action of hydrogen peroxide. As 
the ammonium hydroxide etches the oxide surface and 
30 removes a portion of the oxide, the hydrogen peroxide 
deposits additional oxide on the hydrophilic oxide sur- 
face. The ammonium hydroxide also serves to complex 
metals such as copper, gold, nickel, cobalt, zinc and cal- 
cium. A hydrophilic oxide layer having a thickness and 
35 metals concentration as descnbed above remains on 
the wafer surface after SC-1 cleaning. 

The SC-1 cleaning solution contains between about 
1000:1:1 to 1:1:1 parts by volume H20:H202: NH4OH 
(supplied as 30-35% H2O2 in water and 28-30 wt% 
40 NH4OH in water) ; that is, the SC-1 cleaning solution 
contains H2O, H2O2 and NH4OH and the ratio of HgO 
to H2O2 (supplied as 30-35 wt% H2O2 in water) is be- 
tween about 1000:1 and 1:1, and the ratio of H2O to 
H2O2 is independent of the ratio of HgO to NH4OH. Pref- 
45 erably, the SC-1 cleaning solution contains about 100: 
1:1 to about 5:1:1 parts by volume H20:H202:NH40H, 
and has a temperature of about 30°C to about 80'C, 
preferably about 60**C to BO'C. Because the epitaxial 
wafers are fairly clean and require less etching to affect 
50 particle removal than typical silicon wafers, a more pre- 
ferred SC-1 solution contains about 50: 10:1 to about 5: 
1:1 parts by volume H20:H202:NH40H. 

The wafers are preferably cleaned in an SC-1 solu- 
tion for about 5 to about 30 minutes, preferably from 
55 about 10 to about 20 minutes. If the wafers are im- 
mersed in the cleaning solution for a longer time, exces- 
sive etching, pitting and roughening can occur. The 
cleaner is recirculated at a rate of about 2 to about 10 
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gallons per minute (about 7.57 to about 37.85 liters per 
minute)^ preferably about Stoabout 6 gallons perminute 
(about 11.36 to about 22.71 liters pernninute). If the re- 
circulation rate is higher, excessive etching, pitting and 
roughening nnay occur. However if the rate is too low, s 
the after surface will not be properly etched. 

After cleaning, the wafers are innnnersed in a rinse 
bath to quench the reaction and rennove the SC-1 clean- 
er from the wafer surfaces. The wafers are rinsed for a 
period of about 2 to about 60 minutes, typically from io 
about 5 to about 45 minutes, in deionized water having 
a resistivity of about 3 to about 18 mega-Ohms, prefer- 
ably greater than about 1 7 mega-Ohms. The rinse water 
IS recirculated at a rate of about 3 to about 8 gallons per 
minute (about 11.36 to about 30.29 liters per minute) to t5 
ensure that the surface reaction is quenched and sur- 
face particles are removed. 

The cleaned and rinsed wafers can then be dried or 
processed further to reduce metallic contamination. If a 
minimum metals concentration on the wafer surface is 20 
desired, the metals can be removed by contacting the 
silicon wafers with an HF solution or an SC-2 solution. 
A typical aqueous HF solution contains about 1:1 to 1: 
10,000 parts by volume HFiHgO (supplied as 49 wt7o 
HF in water). To enhance metals removal, the solution 25 
may additionally contain HCI (1000:1 to 1:1000 parts by 
volume HF:HCI), hydrogen peroxide (1 : 1 to 1 : 1 000 parts 
by volume HF to HgOg), isopropyl alcohol (10,000:1 to 
1:10 parts by volume HF:IPA) or ozone (about 0.05 to 
about 50 ppm). A typical SC-2 bath may contain 1:1:5 30 
to 1 :1 :1000 parts by volume of HCI:H202:H20. The tem- 
perature of the HF and SC-2 solutions may be about 
10°C to about 90°C, and the silicon wafers are im- 
mersed in a flowing bath of this solution for a period of 
at least about 0.1 minutes. These solutions effectively 35 
remove alkali and transition metals, and prevent re- 
deposition from the solution by forming soluble metal 
complexes. 

After metals removal, the silicon wafers are rinsed 
for a period of at least about 0.1 minutes and typically 40 
about 2 to about 1 0 minutes in deionized water. The wa- 
ter preferably has a resistivity of about 3 to about 18 
mega-Ohms, preferably greater than about 17 mega- 
Ohms. 

Once the wafers have been cleaned and treated to 45 
reduce metallic contamination if needed, the process is 
completed by drying the wafers. The wafers may be 
dried using any method which does not recontaminate 
the wafers with metals or particles. Such methods in- 
clude conventional spin drying and isopropyl alcohol va- so 
por drying techniques which are well known in the art. 

Ideally, the cleaning process is carried out in a con- 
ventional wet bench cleaning apparatus which compris- 
es a series of tanks containing approximately 1 to 100 
liters of flowing solution. In addition, the process is pref- 55 
erably controlled such that up to 100 wafers are auto- 
matically transported to and immersed in the oxidizing 
solution, cleaning bath, etc. All wetted parts are con- 



structed of quartz, polyvinylchloride ("PVC"), polyvinyli- 
dine-difluoride ("PVDF"), polypropylene or teflon. 

In order to increase throughput, the wafers can be 
cleaned in a series of two or more SC-1 baths by im- 
mersing the wafers in a first SC-1 bath for a portion of 
the cleaning period, rinsing the wafers, immersing the 
wafers in a second SC-1 bath for the remainder of the 
cleaning period, and rinsing the wafers. 

The oxide layer provides the epitaxial wafers with a 
smoother, more uniform surface after the wafers are 
cleaned. The surface roughness of an epitaxial wafer of 
the invention is significantly lower than that of an un- 
treated epitaxial wafer or an epitaxial wafer which is not 
oxidized prior to SC- 1 cleaning. The wafers of the inven- 
tion have an average surface roughness of less than 
0.06 nanometers RMS (root mean squared) within a 1 
|im by 1 |am area, preferably determined using an instru- 
ment sold under the trademark NANOSCOPE III by Dig- 
ital Instruments, Inc., operated in the tapping mode. If 
the epitaxial wafer surface is substantially free of parti- 
cles before it is chemically oxidized, the surface may not 
require subsequent cleaning in an SC-1 solution. The 
wafer can then be dried or further processed to remove 
metal contaminants, if desired. 

The following example is presented to describe pre- 
ferred embodiments and utilities of the present invention 
and is not meant to limit the present invention unless 
otherwise stated in the claims appended hereto. 

Example 

Smooth silicon wafers having an epitaxial layer 
grown to a thickness of about 4.5 jam and a resistivity 
target of 2.5 Ohm-cm were inspected to determine the 
particle defects on their surface as measured with a Ten- 
cor 6200 automatic wafer inspection system. A cleaning 
process was then carried out on sets of the wafers using 
a conventional wet bench cleaning apparatus. The 
cleaning sequence for the wafers was as follows: 

1. immersion in recirculating ozonated deionized 
water 

bath (14 ppm 03; metals each less than 0.01 
ppb) at room temperature for 5 minutes; 

2. 10 minutes in an SC-1 bath (1:10:50 NH4OH: 
H202:H20) with megasontcs at 70°C; 

3. water rinse for 5 minutes; 

4. 10 minutes in an SC-1 bath (1:10:50 NH4OH: 
H202:H20) with megasonics at 70°C; 

5. water rinse for 5 minutes; 

6. 5 minutes in a metals removal solution (1:100 
HCI:H20); 

7. water rinse for 5 minutes; and 

8. I PA (isopropyl alcohol) dried for 10 minutes. 

In order to determine the passivating effect of an 
oxide layer one set of epitaxial wafers (set A) was sub- 
jected to steps 2-8 above, while another set of wafers 
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(set B) was oxidized and cleaned according to steps 1 -8 
above. After cleaning, the wafers were analyzed for sur- 
face particle contamination by a Tencor 6200. 

Figure 1 illustrates the amount of light point defects 
(LPD) per wafer of a size greater than 0.12 ^m before 
the epitaxial wafers without a protective oxide layer (set 
A) were cleaned (-■-) and after cleaning (-□-) The mean 
for the wafers prior to cleaning was about 18 LPD as 
compared to about 64 LPD after the wafers were 
cleaned. The LPD count of epitaxial wafers without a 
protective oxide layer increased by about 250% after 
cleaning, indicating that the surface became roughened 
and pitted during the etching process. 

Figure 2 shows the amount of LPD per wafer of a 
size greater than 0. 1 3 ^im after the wafers of set B were 
oxidized and cleaned. The mean of the oxidized and 
cleaned wafers was only about 25 LPD. The protective 
oxide layer significantly reduced damage to the wafer 
surface caused by the etching process. 

Another experiment was conducted to determine 
whether addition of a protective oxide layer improves the 
surface roughness of an epitaxial wafer. Another set of 
epitaxial wafers were analyzed for particle contamina- 
tion before oxidation and cleaning. After being subjected 
to an oxidation and cleaning treatment as described in 
steps 1-8 above, the wafers were analyzed for particle 
contamination. The analysis revealed average particle 
counts of 29.0 LPD per wafer of a size of at least 0.13 
jam prior to treatment as compared to 1 7,0 LPD per wa- 
fer after oxidation and cleaning. The average particle 
counts of a size of at least 0.30 ^m were 5.2 prior to 
oxidation and cleaning and 3.8 after treatment (see Fig- 
ure 3). The reduced particle contamination of the wafers 
after oxidation and cleaning significantly improved the 
yield. The yield for the untreated epitaxial wafers was 
only 1 5% as compared to an 85% yield after the wafers 
were oxidized and cleaned. 

While the invention is susceptible to various modi- 
fications and alternative forms, specific embodiments 
thereof have been shown by way of example and were 
herein described in detail. It should be understood, how- 
ever that it is not intended to limit the invention to the 
particular form disclosed, but on the contrary, the inten- 
tion is to cover all modifications, equivalents and alter- 
natives failing within the spirit and scope of the invention 
as defined by the appended claims. 



Claims 

1 . A process for cleaning particles from a hydrophobic 
surface of a silicon water comprising: 

chemically oxidizing the hydrophobic surface of 
the wafer to grow an oxide layer on the surface 
without nonuniformly etching the surface, 
wherein the oxide layer renders the surface hy- 
drophilic; and 



cleaning the hydrophiiic surface with a caustic 
etching solution to remove particles from the 
surface. 

5 2. A process according to claim 1 , wherein the hy- 
drophiiic surface has a concentration of less than 1 
X 10^<^ atoms/cm2 of any metal. 

3. A process according to claim 1 or claim 2. wherein 
10 the hydrophobic surface of the wafer is oxidized by 

ozonated water. 

4. A process according to claim 1 or claim 2, wherein 
the hydrophobic surface of the wafer is oxidized by 

15 hydrogen peroxide. 



5. A process according to any one of claims 1 to 4, 
wherein the hydrophobic surface is an epitaxial, 
etched or polished surface. 

6. A process according to any one of claims 1 to 5. 
wherein the caustic etching solution contains a hy- 
droxide and a peroxide. 



20 



25 7. A process according to any one of claims 1 to 6, 
wherein the caustic etching solution contains hydro- 
gen peroxide and ammonium hydroxide. 



8. A process according to any one of claims 1 to 7, 
30 wherein the oxide layer comprises silicon dioxide 
and has a thickness of at least 0.6 nanometers. 



9. A process according to any one of claims 1 to 8, 
wherein the oxide layer is from about 1 to about 1 .5 
35 nanometers thick. 



10. A process according to any one of claims 1 to 9, 
wherein the wafer is rinsed with water after it is ox- 
idized and after it is exposed to the caustic etching 
40 solution. 



11. A process for passivating a hydrophobic epitaxial 
surface of a silicon wafer before the wafer is 
cleaned comprising chemically oxidizing the hydro- 

45 phobic epitaxial surface of the wafer to grow an ox- 
ide layer on the surface without nonuniformly etch- 
ing the surface, wherein the oxide layer renders the 
surface hydrophiiic, and the oxide layer has an av- 
erage surface roughness less than 0.6 nanometers 

50 RMS within a 1 i^m by 1 |am area. 

12. A process according to claim 11, wherein the hy- 
drophiiic epitaxial surface has a concentration of 
less than 1 x 10^° atoms/cm2 of any metal. 

1 3. A process according to claim 11 or claim 1 2, where- 
in the hydrophobic epitaxial surface of the wafer is 
oxidized by ozonated water. 
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1 4. A process according to claim claim 1 1 or claim 1 2.. 
wherein the hydrophobic epitaxial surface of the 
wafer is oxidized by hydrogen peroxide. 

15. An epitaxial silicon wafer having an epitaxial silicon 5 
surface and a hydrophilic. wet chemical oxide layer 
contacting the surface, wherein the oxide layer has 

an average surface roughness less than 0.06 na- 
nometers RMS within a 1 |am by 1 jam area. 

10 

16. A process according to claim 15, wherein the oxide 
layer has a concentration of less than 1 x lO^o at- 
oms/cm2 of any metal. 

1 7. A process according to claim 1 5 or claim 1 6, where- 15 
in the oxide layer compnses silicon dioxide. 

18. A process according to any one of claims 15 to 17. 
wherein the oxide layer has a thickness of at least 

0.6 nanometers. 20 

19. A process according to any one of claims 15 to 18, 
wherein the oxide layer is from 0.6 nanometers to 
about 2 nanometers thick. 

25 

20. A process according to any one of claims 1 5 to 1 9, 
wherein the oxide layer is from about 1 nanometers 
to about 1 .5 nanometers thick. 

30 



35 



40 
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50 
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(57) A process for cleaning particles from a hydro- 
phobic surface of a silicon wafer by chemically oxidizing 
the hydrophobic surface of the wafer to grow an oxide 



layer on the surface without nonuniformly etching the 
surface. The oxide layer renders the surface hydrophilic. 
The hydrophilic surface is then cleaned with a caustic 
etching solution to remove particles from the surface. 
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